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ABSTRACT-Pedestrians are the most vulnerable users of public roads and represent one of the largest groups of road 
casualties; their death rate around the world due to vehicle-pedestrian collisions is high and tending to rise. In Spain, as in other 
countries of the European Union, steps have been taken to reduce the number and consequences of such accidents, with 
encouraging results in recent years. A key to countering this concern is the accident research activity that has obtained 
remarkable achievements in different fields, especially when multidisciplinary approaches are taken. This paper describes the 
development of a multivariate model that is able to detect the most influential parameters on the consequences of vehicle-
pedestrian collision and to quantify their impact on pedestrian fatality risk. First, an accident database containing detailed 
information and parameters of vehicle-pedestrian collisions in Madrid has been developed. The accidents were investigated 
on the spot by INSIA accident investigation teams and analyzed using advanced reconstruction techniques. The model was 
then developed with two components: (1) a classification tree that characterizes and selects the explanatory variables, 
identifying their interactions, and (2) a binary logistic regression to quantify the influence of each variable and interaction 
resulting from the classification tree. The whole model represents an important tool for identifying, quantifying and predicting 
the potential impact of measures aimed at reducing injuries in vehicle-pedestrian collisions. 
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1. INTRODUCTION 

Pedestrians are one of the largest groups of public road 
user, and they have the lowest level of protection against 
vehicle collisions. This high vulnerability, together with 
increasing population and traffic density, malees the death 
rate due to vehicle-pedestrian collisions a situation of 
growing concern, especially in developing countries. Vehicle-
pedestrian collisions are the most aggressive component of 
the "hidden epidemic" represented by road accidents, 
which kill 1.2 million people each year (World Health 
Organization, 2004). 

Over the last decade in Spain, a series of measures have 
been implemented to reduce the number of vehicle-pede
strian collisions and mitigate their serious socio-economic 
consequences. These measures belong to a number of 
different fields and require a joint effort, and most conform 
to the recommendations and directives launched at the 
European level (Commission of the European Communities, 
2001, 2003). The result of their implementation, as shown 
in Figure 1, has been the reduction of pedestrian fatalities 
in Spain by 29% from 1996 to 2005 (DOT, 2009). The total 

reduction in the 14 EU countries was 36% (European Road 
Safety Observatory, 2008). 

This decrease is due to administrative measures for 
prevention, enforcement, infrastructure refurbishment and 
efficient planning of public roads. 

However, lately the reduction has slowed down, and the 
efforts seem to be insufficient. The overall numbers of 
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Figure 1. Pedestrian fatalities per year in traffic accidents 
in Spain and in the European Union. 
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Figure 2. Injured pedestrians per year in traffic accidents in 
Spain (urban and inter-urban). Source: Annual Statistical 
Report DGT (2009). 

The purpose of the current study is to develop a model 
that takes a set of parameters from the in-depth investi
gations, identifies the most significant parameters, and creates 
an explanatory model using those independent variables 
and their interactions to describe and quantify their influences 
on pedestrian injuries. 

The explanatory model has two components, one based 
on classification trees and the second on binary logistic 
regression (logit). The model inputs come from a database 
of accidents that occurred in Madrid and were investigated 
on the spot by INSIA accident investigation teams. This 
database contains a large set of parameters collected in situ; 
others were obtained by reconstruction through computer 
simulations and through the study of injury mechanisms. 

2. VIRTUAL RECONSTRUCTION OF REAL 
ACCIDENTS 

pedestrian injuries and fatalities from traffic accidents are 
high and still of concern, especially in urban areas. Figure 2 
shows the number of pedestrians injured in urban and non-
urban areas per year in Spain. It can be seen that most 
vehicle-pedestrian collisions occur in urban areas, where 
the speed limit is normally under 50 km/h. 

A key to further reducing the impact, causes and con
sequences of such accidents is to jointly implement the 
developments achieved in the different areas of pedestrian 
safety research, including in-depth accident investigation 
on the spot, detailed accident reconstruction, accident 
simulation through specific software, study of biomechanical 
and materials behavior and the development of statistical 
models to detect and quantify the influencing factors. 

Outstanding results are emerging in each of these fields 
of research, but the improvements increase greatly when a 
multidisciplinary approach is taken. Previous works like 
Nagatomy et al. (2005) or Shin et al. (2008) integrate finite 
element models (FEM) and crash simulations during the 
design process for secondary safety systems; others like 
Koch and Howard (2005) and Yang et al. (2005) combine 
the analysis of real-world accidents with FEM models to 
run reconstructions and measure the severity of pedestrian 
injuries, or in the case of Simms and Wood (2006), to 
compare the crashworthiness of different types of vehicles. 
All of these works combine the use of FEM models with 
complementary applications, but due to their complexity, 
these models run into limitations when the number of 
iterative simulations rises too high. 

A different approach is required when the number of 
cases is too high. In their recent studies, Oh et al. (2008) 
and Rosen and Sander (2009) have developed probabilistic 
models that combine the analysis of real-world accident 
reconstruction techniques and the study of kinematic 
parameters and mechanisms of injury. Oh et al. (2008) also 
complements these models with a suitable number of FEM 
simulations and laboratory impact tests to validate the 
results for the design of active safety devices. 

2.1. Accident Database and Reconstruction Tool 
The model developed to study vehicle-pedestrian collisions 
uses information from an accident database compiled by 
the Accidentology and Vehicle Dynamics Department of 
INSIA within the ABIDA project (INSIA, 2005). This 
database was constructed in collaboration with the Madrid 
Local Police and SAMUR emergency services and con
tains a sample of 108 vehicle-pedestrian accidents that 
occurred in Madrid between 2002 and 2005. It includes 
detailed information from the scene, road marks, vehicle 
data and deformations as well as pedestrian injuries and 
their generating mechanisms. 

The sampling criteria were the following: the accident 
occurred in an urban area (where the speed limit is usually 
under 50 km/h); the type of vehicle involved was a car, 
minivan or SUV; and the pedestrian was impacted with the 
front edge of the vehicle and was injured or killed as a 
consequence. Fifty cases that met all of these requirements 
were selected. 

With all of the information available regarding the initial 
conditions and depending on the methodology used for 
accident reconstruction, an additional set of data can be 
obtained from simulations, estimates, measurements and 
calculations. 

The reconstructions performed in this work combine the 
advantages of two different approaches to accident research 
adopted for vehicle-pedestrian collisions. The first approach 
refers to accident reconstructions by developing combined 
multibody-FEM models. The resulting models have high 
levels of detail and are able to reproduce the pedestrian 
biomechanical behavior at impact and the material pro
perties and deformations with great accuracy. The second 
approach is to use classical methods with algebraic calcu
lations to reconstruct the kinematics of the accident based 
on the law of energy conservation and using simplifying 
assumptions. These methods can quickly provide results 
within certain ranges of accuracy, making them suitable for 
studies with a significant number of cases. 



In addition to the complexity of the FEM models and the 
difficulties in simulating pre-collision and post-collision 
stages, the first approach has the further drawback that in 
reconstructing a real-world accident there are infinite 
combinations of the initial parameters, and the simulation 
of the collision is sensitive to most of them. Authors like 
Lawrence (2005) and Bovenkerk et al. (2007) have 
demonstrated this through reconstructions that suggest that 
simulations with FEM models are very accurate when the 
initial conditions of the accident are well known, i.e., in 
standard laboratory conditions. Therefore, the implemen
tation of this methodology is proposed as a complement or 
an alternative to costly impact tests with dummies and 
other components. 

To solve the difficulties in determining the correct initial 
conditions for multibody-FEM model simulations, Shen 
and Jin (2008) and Untaroiu et al. (2008) have proposed 
using optimization techniques that allow an a priori choice 
of the best combination of initial parameters for a reliable 
reconstruction. However, when the number of cases rises, 
the effort to run this type of reconstruction is still too high, 
and in some cases it is difficult to simulate the pre- or post-
impact phases. 

The second method is the classical approach, which uses 
algebraic models such as the pedestrian projection models 
of Han and Brach (2002) and Wood et al. (2005) or the 
physical model of Xu et al. (2009), which reproduces the 
windshield-head impact with the same accuracy or better 
than some of the developed FEM models. 

In his recent probabilistic model, Oh et al. (2008) used 
empirical mathematical expressions such as the one 
developed by Schmidt and Nagel (1971) to determine the 
value of the collision speed. The empirical expression is 
based on the braliing marks, the static coefficient of 
friction, the height of the pedestrian center of mass and the 
throw-distance. Although this model has been widely used 
to determine the collision speed, the necessary parameters 
are not available in all cases, and the results are not always 
very accurate. To benefit from the advantages of each 
approach, the PC-Crash® simulation software has been 
used in this study. This program has a simple pedestrian 
multibody module that reproduces pedestrian kinematics 
and trajectories due to impact and allows reconstruction of 
the motion of the entire accident in a reasonable runtime; in 
addition, the most important kinematic parameters can be 
found versus time and distance. The ability of this tool to 
simulate vehicle-pedestrian accidents has been validated by 
Moser et al. (2000). 

2.2. Setting Initial Conditions 
All available information and data investigated on the spot 
have been analyzed in depth and were used to simulate the 
accident with PC-Crash®. The scene was first recreated 
through detailed sketches, to scale, with the geometry, mea
surements, marks, traces, collision point and rest positions. 
The corresponding vehicle parameters were then loaded 

Figure 3. Setting initial conditions for simulation: A) 
Sketch; B) Multibody model; C) Vehicle shape; D) Injury 
mechanisms. 

from the vehicle databases of PC-Crash®, which considers 
the make, model, year of manufacture and variant and 
adjusts all of the parameters for which data were available. 
In this process, special attention was paid to setting and 
correcting the front shape of the vehicle. Next, all proper
ties of the multibody pedestrian model were defined, 
adjusting in each case the height and weight to the real 
values and scaling the most important anthropometric para
meters according to age and sex of the pedestrian, all based 
on anthropometric studies of the Spanish population 
(Benjumea, 2001). Finally, the friction properties were 
defined based on real conditions: the coefficient of friction 
between the multibody and the ground or the striking 
vehicle, the static coefficient of friction of the specific 
scene and the non-linear tire model; even the behavior of 
ABS has been reproduced in relevant cases. Figure 3 
illustrates the adjusting of some of the simulation para
meters in schematic form. 

2.3. Simulations and Collision Speed (Vk) 
The simulations in PC-Crash* were performed through an 
iterative process that involved testing different combinations 
of motion sequences, maneuvers, pedestrian motion and 
positions and establishing a correct value for the collision 
speed in such a way that the intermediate impact points, 
mechanisms of injury, collision point and rest positions 
match the observed evidence. At this level of reconstruc
tion, the experience of the researchers played an important 
role, as normally only an optimal combination of all para
meters and sequences results in a reproduction of the real 
conditions of the accident. Some procedures have been 
developed at the Accidentology and Vehicle Dynamics 
Department of INSIA to reduce the number of attempts 
necessary to obtain a reliable simulation. Figure 4 illustrates 
the correspondence of the intermediate impacts and the rest 



Figure 4. Simulation example: Contact and rest positions 
consistent with the real accident evidence. 

position resulting from a simulation. 
The collision speed is one of the most important para

meters in building the multivariate model because it deter
mines the intensity of the impact and, consequently, the 
severity of injuries. However, estimating its value accurately 
is not a simple task. In this study, simulations with PC-
Crash® were performed to obtain accurate values for both 
the collision speed and the other parameters with which the 
multivariate model is built. This methodology represents a 
practical alternative to the traditional methods commonly 
used to estimate accident parameters. 

The value of the collision speed obtained from the re
construction process depends on the initial conditions and 
on the rest positions, so the range in which these para
meters could be modified without affecting the simulation 
was very narrow. 

Previous crash tests with dummies (INSIA et al., 2008) 
have shown that the value of the collision speed resulting 
from a reconstruction process similar to that described 

above is very close to the real speed, with variations within 
3 km/h, depending on the expert that performs the recon
struction. 

PC-Crash® records many parameters in addition to the 
collision speed during the simulations and the output data 
can be shown in tables or graphs. However, dynamic para
meters and multibody accelerations, contact forces or 
energy have not been taken into account for this study 
because of the limitations of this program in terms of 
material properties, deformations and biomechanical behavior. 

3. CLASSIFICATION MODEL 

3.1. Tree Growth and Model Development 
The method of classification trees was used to find the 
most influential variables and to analyze their effects and 
interactions. This is an effective technique for studying 
complex systems with many variables, such as vehicle-
pedestrian collisions. 

Classification and regression trees (Breiman et al., 1984) 
are hierarchical statistical techniques suitable for exploring 
the data set, detecting all significant interactions and 
developing chart models that illustrate how the response 
variable depends on the explanatory variables. 

For multivariate models developed to study vehicle-pede
strian collisions, the response variable is usually a variable 
that measures the pedestrian injury severity. When working 
with complex FEM models or performing laboratory tests, 
the response variable is usually the Head Injury Criterion 
(HIC) (Mizuno and Ishikawa, 2001). The HIC value quanti
fies the severity of head impact based on its acceleration 
during the contact. 

Because PC-Crash uses simplified multibody models that 
cannot reliably simulate biomechanical behavior, material 
properties or deformations as complex FEM models do, the 
head acceleration of the multibody model is considered an 
indicative value rather than a reference. 

The pedestrian fatality risk was the dichotomous response 
variable for the classification tree. This variable has been 
used quite often in predictive models. The two possible 
values (fatality =1 or survival=0), were known in each case. 

The SPSS statistical program was used to create the 
classification tree. Sixteen explanatory variables were initial
ly introduced as input. Table 1 describes the main charac
teristics of each variable. 

The target category of the response variable for classi
fication is "1 =fatality". To reduce the risk of error associat
ed with an incorrect classification, the relative cost of mis-
classifying a pedestrian fatality as a survivor was 2.3 times 
higher than that of misclassifying a survivor as a fatality. 
This relative penalty also served the function of offsetting 
the initial distribution of pedestrian fatalities or survivors, 
which is not homogeneous. 

The method used to create the tree was CHAID (Kass, 
1980). This method considers the gain of each variable and 
iteratively includes the most relevant. Of the 16 explanatory 



Table 1. Description of input variables. The type is denoted 
by: S=scale, 0=ordinal, N=nominal, and the data source is 
classified into SIM=Simulation, R=reality AT=Anthropo-
metric estimations. 

Variable Unit Type Source 

Collision speed (Vk) 

Vehicle type 

Vehicle year 

Pedestrian age 

Pedestrian sex 

Pedestrian height 

Pedestrian weight 

Time interval: first contact-head 
impact 

WAD 12 (wrap around distance to 
the front edge of the hood) 

WADC0W| (to the lower edge of 
the windshield) 

WADtop (to the upper edge of 
the windshield) 

Rate of heights: min. hip/hood 
front edge 

Impact region of the leg 

Pedestrian angle related to the 
vehicle 

Head impact lateral area (HILA) 

Head impact element 
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Figure 5. Wrap around distance from the ground to the 
front edge of the hood (WAD12). 

variables introduced in the initial model, the algorithm kept 
only the most significant three, which had the largest 
influence on the response variable. These variables are: 

a) Vk[km/h] - Collision speed. 
b) WAD12 [cm] - Wrap around distance to the front edge of 

the hood (Figure 5). 
c) HILA - Head impact lateral area, from 1 to 12 (Figure 6). 

The CHAID algorithm splits the independent variables 
into discrete intervals for classification. In SPSS, the default 

Figure 6. Lateral pedestrian head impact region. 

is 10 intervals for each variable, but this number can be 
modified. Given the range of values obtained from recon
structions, 24 intervals were specified for Vk and 16 for 
WAD12. 

3.2. Variable Interactions and Classification 
The resulting classification tree grew into three deep levels 
(Figure 7). The first splitting criterion was the collision 
speed, with a likelihood ratio Chi-squared statistic of 23.011 
and a p-value less than 1.00725 x 10-5. This first branching 
clearly differentiates between three levels (nodes) of colli
sion speed: 
- Node 1: Vk 31.5 km/h - Low speed collisions. In these 20 

cases, the pedestrians always survived. 
-Node 3: Vk> 57 km/h - In collisions with this impact 

speed or higher, no pedestrian survived. 
- Node 2: 31.5 km/h < Vk ^ 57 km/h - Within this range of 

speeds, pedestrians died in 30.8% of cases. 
This first classification fits with most probabilistic models 

for the pedestrian fatality risk in which the probability of 
death depends on the collision speed and is represented by 
an "S" shaped curve, in which the exponentially growing 
region is usually between 30 and 60 km/h (Oh et al., 2008, 
Rosen and Sander, 2009). 

It is noteworthy that the classification model selected the 
collision speed as the most significant variable for pede
strian death or survival, in compliance with earlier studies. 

Node 2 contains an important population of both fata
lities and survivors, so it had to be further developed with 
another criterion. The CHAID algorithm performed a new 
split on this node through the variable WAD12. 

In most cases, WAD12 determines the pedestrian turnover 
axis and, along with pedestrian height, affects the minimum 
hip height, pedestrian-vehicle coefficient of friction, the 
trajectory of the head during the collision and therefore the 
point of impact on the vehicle. This happens almost 
independently of the collision speed, as shown by Untaroiu 
et al. (2007). 

The split from WAD12 is relevant (p-value < 6.2 x 10-5) 
and has a Chi-squared statistic of 14.773, classifying cases 
with intermediate collision speeds into three new groups: 
- Node 4: Contains the cases in which the front edge of the 



vehicle is very low. The main common aspects of these 
accidents are: the pedestrian turnover axis on the front of 
the hood is somewhere around the low region of the 
femur above the knee, causing closed fracture of the leg 
with torn ligaments; the hip and lower thorax impact the 
front of the hood, causing a major dent in it; the head 
impacts a rigid region at the lower edge of the windshield 
or on the cowl, in a strong impact that breaks the 
windshield over a wide area and causes a severe head 
injury, resulting in the main reason for pedestrian death. 

•Node 5: In these accidents, the front edge height of the 
vehicle is within a medium range. Although the number 
of cases is greater than in the previous node, the collision 
speeds are similar as are the pedestrian characteristics. In 
particular, in this group of cases the bumper of the 
vehicle strikes the pedestrian femur and, in 80% of cases, 
does not produce serious injuries in the lower extre
mities. The pedestrian hip impact is on the hood over the 
front edge, except in one case of a 5-year old child. The 
head hits the windshield on the lower edge or slightly 
above on the cowl, but in these cases the area of the 
broken glass is smaller, so the impact is less violent. The 
injuries to pedestrians struck in this group are mostly 
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serious, especially the head injuries, but all of them 
survived. 

-Node 6: In this group, the head impact against the 
windshield is the main injury mechanism and has severe 
consequences. In all of the pedestrian fatalities at this 
node, the head impact is located on rigid areas of the 
cowl or on the hood-windshield junction, regardless of 
the collision speed. 
The last three nodes (leaves) sprout from node 6, based 

on HILA. The Chi-squared of this split is 0.05, and its p-
value is 0.011. 

Although there are three new nodes, the classification 
must be interpreted as two groups: 
- Node 8: The pedestrians in this group all survived despite 

suffering severe head injuries, and it stands out that in all 
cases the pedestrian head hit the windshield around the 
center or within a certain distance from the margins 
(pillars or cowl), where the stiffness is lower than at the 
edges. 

- Nodes 7 and 9: These two nodes represent a single group 
in which the pedestrian head hit the lateral borders on 
rigid areas. Almost all pedestrians within this group died, 
except for two cases in which the pedestrians survived 
despite suffering severe injuries to the head and other 
regions of the body. In both cases, the pedestrians were 
young males, one of whom (node 7) survived despite a 
vehicle collision speed of 50 km/h. A possible expla
nation for this is that there was no rigid object under the 
hood, even near the lateral edge at the head impact point. 
In the other case, the collision speed was 34 km/h and it 
seems that somehow the head impact on the windshield 
was not hard enough to fracture the glass. 
Thus, the entire tree represents a diagram to analyze, 

group, classify and conveniently predict the causes of pede
strian fatality while considering a large number of para
meters. From a statistical standpoint, the tree has a good 
response. Table 2 contains the gains of the nodes. As it 
shows, all of the gains of the tree are in the terminal nodes 
(leaves): 3, 4, 7 and 9. These explain all of the fatalities and 
are completely homogeneous. 

The estimated misclassification risk is 4%, with a 2.8% 
standard error and is caused by the two singular cases 

Table 2. Gain summary table for nodes. Growing method: 
CHAID. Dependent Variable: Survival/Fatality. 

Node Gain 

Figure 7. Classification tree (CHAID method). 

3 
4 
9 
7 
1 
5 
8 

N 

4 
3 
4 
3 

20 
10 
6 

Percent 

8.0% 
6.0% 
8.0% 
6.0% 

40.0% 
20.0% 
12.0% 

N 

4 
3 
3 
2 
0 
0 
0 

Percent 

33.3% 
25.0% 
25.0% 
16.7% 
0.0% 
0.0% 
0.0% 

100.0% 
100.0% 
75.0% 
66.7% 
0.0% 
0.0% 
0.0% 

416.7% 
416.7% 
312.5% 
277.8% 

0.0% 
0.0% 
0.0% 



Table 3. Prediction percentage of the classification tree. 

Observed 

Survival 
Fatality 

Overall percentage 

Fatality 

36 
0 

72.0% 

Predicted 

Survival Percent Correct 

2 94.7% 
12 100.0% 

28.0% 96.0% 

mentioned above. 
The overall percentage of correct classifications for the 

tree is 96%>, as shown in Table 3. Taking into account the 
2.3 times higher cost of misclassification of the target 
category specified at the beginning, the errors occur only in 
predicting pedestrian fatalities that actually survived, as 
opposed to predicting survivals that actually died, which 
had to be avoided. 

The initial selection of variables and the classification 
made by the CHAID growth method are justified both by 
the influence of the selected parameters in the dynamics of 
the impact and by the significance of the statistics, specifi
cally the error risk and gain. 

4. BINARY LOGISTIC REGRESSION MODEL 
(LOGIT) 

The classification tree described in the previous chapter 
makes an intensive selection of variables depending on 
their relevance and ¿identifies the interactions that influence 
the response variable. Next, a suitable model to quantify 
the effects of these interactions and the relationships among 
the independent variables and the other predictive variables 
was developed, as suggested by Burnham and Anderson 
(2009). 

Taking into account the characteristics of the explanatory 
variables and also of the response, which is a dichotomous 
variable, binary logistic regression (logit) modeling was 
applied. The logit model predicts the probability of pede
strian fatality (internal value=l) or of survival (internal 
value=0) depending on the independent variables. 

The generic expression of the logit probabilistic model 
is: 

p=F(xTfi)=- ' T (1) 
exp(x P) 

where: 
p : pedestrian fatality risk, from 0=survival to l=fatality; 
x : vector of explanatory variables (regressors); 
¡3: vector of coefficients. 

Besides the three independent variables, all of the second-
and third-grade interactions detected by the classification 
tree were included in the logit regression, taking into 
account that the model is hierarchical. 

By using the backward stepwise Wald method, an 
iterative selection of the predictors was made in SPSS. 

Unlike the classification tree, the logit model does not 
include missing values. Because one of the explanatory 
variables is the lateral head impact area, of the 50 cases 
considered the model excluded 5 (10%) in which the 
pedestrian head did not impact the vehicle. 

The modeling process converged in 2 steps, with a total 
of 8 iterations in the first step and 9 iterations in the second. 
The Omnibus Test of Coefficients indicates that the model 
fits well and is statistically significant: 

Chi-square=27.170 
Degrees of freedom=6 
p-value=1.341xl0(-4) 

The obtained R-squared values of the model are: 

Cox and Snell R-squared=0.453 
Nagelkerke R-squared=0.66 

The goodness of fit was also supported by the test of 
Hosmer and Lemeshow (2000), in which the null hypo
thesis - the current model, which fits well - was accepted 
in the second step with a Chi-square of 8.16 with 7 degrees 
of freedom and a p-value of 0.319. 

The predictive potential of this model is 88.9%> with a 
cut-off value of 0.5. The result of the classification is 
presented in Table 4. The drawback is that four of the five 
misclassified cases were classified as survivors when they 
were actually fatalities, i.e., the unwanted situation. 

Table 4. Overall classification of the logit model. 

Predicted 

Observed Survival/Fatality p e r c e n t a g e 

Alive Dead Correct 

Step 2 Survival/Fatality Alive 32 
Dead 4 

Overall percentage 

1 97.0% 
66.7% 
88.9% 

Table 5. Variables included in the logit model and their 
statistics. 

vk 
WADI2 

HILA 

Vkby 
WADI2 

FULA by 
WADI2 

HILA by 
Vkby 
WADI2 

P 

-3.157 

-3.607 

-16.66 

0.047 

0.24 

0.000 

S.E. 

1.623 

1.694 

8.027 

0.023 

0.113 

0.000 

Wald 

3.784 

4.532 

4.307 

4.217 

4.518 

2.711 

Constant 255.737 123.111 4.315 

df 

1 

1 

1 

1 

1 

1 

1 

Sig. 

0.052 

0.033 

0.038 

0.04 

0.034 

0.1 

Exp(y?) 

0.043 

0.027 

0.000 

1.049 

1.272 

0.999 

0.034 1.162E111 

95% CI. for 
Exp(0) 

Lower Upper 

0.002 1.024 

0.001 0.751 

0.000 0.396 

1.002 1.097 

1.019 1.587 

0.999 1.000 



In the backward stepwise method, all independent vari
ables and interactions considered were included in the 
model except for one: the second-degree correlation bet
ween the lateral region of head impact against the vehicle 
and the collision speed, which had a low significance score 
statistic. 

The ¡3 coefficients of each variable in the equation and 
their statistics are shown in Table 5. 

The effect of collision speed on pedestrian fatality risk 
seems to be an inverse relation because its ¡3 coefficient is 
negative; in fact, the influence of this independent variable 
is explained through the interaction of Vt and WAD12. A 
possible interpretation of this result is that the collision 
speed is not the most important independent variable in 
predicting the pedestrian fatality risk within certain ranges 
in which most cases were considered (and also in which 
most vehicle-pedestrian accidents within urban areas occur). 
Rather, vehicle speed is important due to its interaction 
with other parameters, in this particular case, with the 
vehicle front edge height measured by WAD12. This inter
action has already been noted in previous studies (Untaroiu 
et al, 2007) that showed that the impact point of the head 
and its trajectory do not depend only on the collision speed 
but also on the point at which the pedestrian hip impacts: 
below or above the front hood, sliding or not. 

While the third-degree interaction between all variables 
is statistically significant, its ¡3 coefficient is almost zero, 
which means that their two second-degree interactions 
have sufficiently explained the variability. 

The equation of the logit model adjusted in this study is: 

v l - p y 

=255,737-3,15 K„-3,607W,2-16,66^//„.,+0,047K«Wi2+0,24»'p//„.i 

(3) 

The graph of predicted values of pedestrian fatality risk 
as a function of collision speed (Figure 8) has a prob
abilistic distribution similar to the classic "S" shaped curve, 
but shows less homoskedastic adjustment between 30 and 
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Figure 8. Pedestrian fatality risk as a function of collision 
speed. Predicted values and misclassified cases. 

60 km/h. Misclassified cases appear within this range. This 
is precisely because the pedestrian death or survival is 
affected not only by the collision speed but also by other 
explanatory variables, some of which are not available and 
therefore are not included in the model. These cases have 
been labeled on the chart. 

It is interesting to note that the significant interactions 
between regressors included by the logit model are the 
same as those identified through the branches of the classi
fication tree. The interaction of Vk and WAD12 is precisely 
the split of node 2 into nodes 4, 5 and 6 (Figure 7), the 
interaction between WAD12 and HILA is the split of node 9 
into leaves 7, 8 and 9, while the other second degree inter
action, Vk and HILA, is not included in the tree and is also 
rejected by the logit model (p-value=0.1). 

5. DISCUSSION 

The model developed in this study has two complementary 
components. The first is a classification tree. This powerful 
statistical method performs an initial filtering of the 16 
input parameters used in this study and selects three of 
them as having the most significant effects on the response 
variable. The classification tree characterizes the variables, 
making it easy to detect commonalities among the cases 
and clearly identify the relevant interactions. 

Based on the results of the classification tree, the second 
part of the model is a logistic regression developed to 
quantify the influence of the regressors (already identified 
by the classification tree) and their interactions on the 
response variable. 

This study was performed with a sample of 50 accidents 
that occurred in Madrid. The sampling criteria were based 
on the quality of the information available for each acci
dent, rather than the representativeness of the injury levels, 
so the sample included 12 fatalities, 34 severely injured, 3 
slightly injured and 1 casualty for which the injury level is 
uncertain, but the relevance of the results is supported by 
both the commonalities with previous findings regarding 
vehicle-pedestrian collision kinematics obtained using other 
research techniques and by the statistical significance of 
the model. 

The resulting fatality risk model is limited by the sample 
characteristics, but the methodology developed to detect 
the influence of other parameters besides the collision 
speed can be further extended to study a wider range of 
accidents in Madrid or any other city. 

6. CONCLUSIONS 

A multivariate model developed through a concurrent ap
proach was used to detect and measure some of the most 
important parameters in vehicle-pedestrian collisions and 
their influence on pedestrian fatality risk (response variable), 
all on the basis of "on the spot" investigation of vehicle-
pedestrian accidents that occurred in Madrid. The model 



performs several functions: variable filtering, classification, 
prediction, interaction detection and quantification of vari
able influence. 

Accident reconstructions were performed using advanced 
techniques to accurately estimate the diverse parameters of 
the collision phase and of the pre- and post-impact phases. 
The data were collected from the accident database develop
ed by the Accidentology and Vehicle Dynamics Department 
of INSIA. 

The compound model proves that, within the range in 
which most accidents take place inside urban areas, the 
collision speed is not the most significant factor for predict
ing the pedestrian fatality risk; rather, the most important 
factor is the interaction of collision speed with other para
meters, in this particular case, the front edge height of the 
vehicle. 

The interaction between collision speed and front edge 
height is more relevant to the severity of pedestrian head 
impact than the speed alone, because this interaction deter
mines the head trajectory, acceleration and collision point 
against the vehicle. 

Multi-disciplinary approaches such as this study make 
the identification of critical parameters easier and simplify 
the development of practical solutions by quantifying their 
potential impact on future measures to improve pedestrian 
safety. 
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